spinal cord injury; microarray; gene expression; regeneration-associated genes; inflammation; cell death CONTUSION OF SPINAL CORD TISSUE leads to a rapid destruction of cells at the site of injury, an intense inflammatory response, secondary necrotic and apoptotic cell death, and reparative responses. These responses to injury are likely to be mediated and reflected by changes in mRNA concentrations, regardless of whether these changes are due to regulated gene expression or to altered cellular populations. Many investigators have measured the expression of individual genes in injured spinal cords, particularly genes involved with inflammation (1, 21, 34, 42, 45, 49, 52, 53) , apoptosis (11, 33, 39, 41) , excitotoxicity (19, 20) , and neurotrophin stimulation (21, 29, 41) . None, however, has measured large numbers of genes and their temporal and spatial relationships. We used oligonucleotide-based microarrays (10, 30, 31) to measure the mRNA levels of 1,200 representative genes implicated in major rat central nervous system (CNS) functions. Many studies have proved the utility of this approach in other systems, including Alzheimer's disease (23) , schizophrenia (36) , auditory plasticity (32) , and multiple sclerosis (50) .
We had three goals in this study. First, we sought to define the temporal and spatial distribution of mRNA changes following acute spinal cord injury (SCI). By clustering genes with similar expression patterns, we hoped to discover mRNA changes that predict or explain cellular and tissue responses to injury. Second, we wished to identify genes that had not previously been studied in SCI and whose pattern of expression would make them good targets for future investigation. Finally, we wanted to create a database that can be used to compare gene expression changes due to pharmacological or cellular therapies.
MATERIALS AND METHODS
Surgery. Twenty-four Long-Evans rats were injured using the MASCIS impactor (Multi-Center Animal Spinal Cord Injury Study, formerly known as the NYU impactor; Ref. 12) . Rats were anesthetized with intraperitoneal pentobarbital (45 mg/kg for females, 65 mg/kg for males) and then contused by dropping a 10-g rod a distance of 25 mm onto T9-10 spinal cord exposed by laminectomy. An additional seven rats served as uninjured controls. Rats were injured and treated without regard to sex, and groups differed in numbers and ratio of males and females. For the composition of the groups by numbers and sex of the animals, please refer to the Supplementary Material 1 for this article, published online at the Physiological Genomics web site; also, a complete table of results, in the form of a searchable database, is available at http://spine.rutgers.edu/microarray. At 6, 12, 24 , or 48 h after injury, rats were anesthetized with pentobarbital. Their spinal columns were rapidly removed to ice for dissection, and the spinal cord was immediately placed on a bed of dry ice. A 5-mm segment of spinal cord centered on the point of impact was collected and labeled "I" for injury site. The adjacent 5-mm segment distal to the impact segment was collected and labeled "D1." Segments were frozen at Ϫ80°C until RNA preparation.
Atomic absorption spectroscopy. We used atomic absorption values as correlates of lesion volume. Potassium measurements were made on a separate set of animals (n ϭ 4 at each time point; 2 male and 2 female) using identical injury methods. Tissues were weighed to obtain the wet weight before homogenization in Trizol (Invitrogen) to extract RNA (see below). Trizol contains sodium but no potassium, so potassium alone was used to determine lesion volume. Although our lab has historically used both potassium and sodium to measure lesion volume, potassium itself correlates with injury severity (26) and is a precise measure of lesion volume. An aliquot of the Trizol homogenate was removed and diluted in water for atomic absorption spectroscopy to measure potassium using a Perkin-Elmer model 3100 spectrometer. Results were expressed as micromoles of potassium per gram of tissue.
Target preparation. Total cellular RNA was prepared from Trizol homogenates as recommended by the manufacturer, followed by precipitation with 2 M ammonium acetate and ethanol. Ultraviolet absorbance spectroscopy was used to measure the concentration and purity of the resulting RNA. Approximately 10 g of total RNA was used for each target. Depending on the quantity of RNA recovered from each tissue segment, RNA was pooled from 1-3 animals. Each 10-g sample constitutes one of three independent replicate groups at each time point. RNA was reverse-transcribed into double-stranded cDNA with a T 7 promoter-containing primer using Superscript II (Invitrogen Life Technologies), as recommended by Affymetrix. Following extraction with phenolchloroform and ethanol precipitation from ammonium acetate, the cDNA was used as a template in a biotin-labeled in vitro transcription reaction (Enzo BioArray, Affymetrix). Resulting target cRNA was collected on RNeasy columns (Qiagen) and then fragmented for hybridization to the microarrays.
Microarrays. The rat neurobiology U34 microarray from Affymetrix was used in all hybridizations. This array contains a 1,200-gene set chosen to represent important CNS functions. Probes consist of 16 pairs of 25-mer oligonucleotides. One member of each pair contains a point mutation, and the signals of the pair are compared to assess specificity of hybridization. Biotinylated target cDNA was hybridized onto the array and then processed using the Affymetrix GeneChip Fluidics Workstation 400, following the Mini_Euk 2v2 protocol, except that only 3 g of fragmented cRNA was added to the hybridization cocktail. Following binding with phycoerythrin-coupled avidin, microarrays were scanned on a Hewlett-Packard GeneArray Scanner. Results were analyzed with Affymetrix GeneChip Analysis Suite 4.0 (GAS) software. Individual microarrays were scaled to produce a mean signal intensity (average difference) of 2,500, excluding the top and bottom 2 percentile to remove outliers. The "average difference" describes the signal intensity difference between the match and mismatch probes for each gene averaged over the number of probe sets. Barring systematic error, the average difference reflects the amount of mRNA detected for each gene probed.
Clustering methods. We used three clustering methods to assess the relationship between expressed genes: hierarchical clustering, self-organizing maps, and anchor gene clustering. For hierarchical clustering, GAS software was used to calculate a "fold-change" value and to determine whether the change was statistically significant, i.e., increased, decreased, or unchanged. Microarrays from each time point were compared against three uninjured controls. This comparison of three replicates of each time point with three controls yields nine products, which we exported to Microsoft Excel spreadsheets for further analyses. To conservatively assess the reproducibility of the microarray hybridization results, we chose to average only the comparisons for which the GAS difference call was either "increased" or "decreased" in at least eight out of nine of the replicate comparisons. Fold-change values were calculated for these filtered results, which were then log 2-transformed and subjected to hierarchical clustering using Cluster 1.1.1 and Treeview software for visualization (15) .
For self-organizing maps, the average differences of three replicates for each time point were combined into a single mean only if they were in consensus on the GAS "present" call. Otherwise, the gene was assigned an artificial score of zero to denote absence of specific signal. We then filtered results using GeneCluster software (46) under default conditions (leaving 396 probe sets selected) and normalized to a mean of 0 and a variance of 1. The best fit to the smallest number of clusters was obtained by running 10,000 iterations of a 3 ϫ 3 matrix of presumptive centroids. Several independent runs of the algorithm produced nearly identical clusters. Following clustering of the normalized data, the original average difference values for each gene were retrieved. The values for replicates were averaged, and these were substituted for the normalized values in the final display.
Anchor clustering used a Pearson product moment correlation coefficient to find temporal gene expression profiles that correlated with the profile of a selected "anchor" gene. Results were filtered for genes having at least one time point significantly different from uninjured controls as determined by ANOVA and the Duncan post-hoc test at the 95% confidence level.
Confirmation of RNA changes. We confirmed selected microarray results by comparison with mRNA levels obtained by quantitative reverse transcription PCR (Q-RT-PCR) using selected gene-specific primer pairs (Table 1) and cDNAs prepared from a separate time course study of rat SCI. Animals for the Q-RT-PCR time course were injured using the standard MASCIS protocol (see above) and were killed at 0 (intact controls), 12, or 24 h after injury (n ϭ 3; one animal per RNA preparation). RNA was purified from a 5-mm segment of cord centered at the contusion site using the Trizol protocol and reverse transcribed with SuperScript II and random primers as suggested by the manufacturer. The PCR reactions were carried out using 10 ng of cDNA, 50 nM of each primer, and SYBR Green master mix (Applied Biosystems) in 20-l reactions. Levels of Q-RT-PCR product were measured using SYBR Green fluorescence (40, 51) collected during real-time PCR on an Applied Biosystems model 7900HT system. A control cDNA dilution series was created for each gene to establish a standard curve. Each reaction was subjected to melting point analysis to confirm single amplified products.
RESULTS
To identify global patterns of mRNA expression after acute SCI, we collected tissue from rats injured with the highly reproducible MASCIS contusion model. The MASCIS model ensures delivery of a contusion with less than 5% deviation in height of weight drop, velocity of impact, and time of cord compression. Each rat received standardized doses of pentobarbital anesthesia and was injured 1 h after induction of anesthesia. After euthanasia, care was taken to prevent RNA degradation. Tissues were kept as cold as possible during dissection, and frozen samples were thawed in cold Trizol by homogenization.
We examined two segments of spinal cord: I, a 5-mm segment centered on the site of impact (at T9-10); and D1, a 5-mm distal segment adjacent to the impact segment. RNA changes in the I segment should reflect direct cellular damage and local responses, and changes in the D1 segment should reflect responses to diffusible signals and loss of synaptic input onto neurons residing in the D1 segment. We focused on the acute phase of injury, and on regions of spinal cord near the impact site to emphasize gene expression changes preceding secondary cell death. Cell death continues in the several days after this acute period, including apoptotic cell death (2) . Methylprednisolone reduces cell loss in this time period (12) .
To demonstrate the reproducibility of the MASCIS contusion model and to assess differences in cell survival between the I and D1 segments, we measured total tissue potassium in the Trizol homogenate. Cells that die lose their ionic gradients and release their potassium into extracellular fluid. Previous studies have shown that extracellular potassium diffuses from the injury site into the blood (12, 26) . Therefore, tissue potassium content correlates linearly with cell volume fraction, the proportion of tissue that is comprised of potassium containing cells. Uninjured spinal cord tissues have a potassium concentration ([K] t ) of 92.0 Ϯ 1.4 mol K ϩ per g tissue in the I segment. Figure 1 shows that this value fell to 42.6 Ϯ 0.9 mol/g by 6 h in the I segment and remained at approximately this level at 12, 24, and 48 h. However, the [K] t in the D1 segment declined more slowly, only reaching minimal values of 62.1 Ϯ 1.8 mol/g at 48 h. The standard deviations were less than 5% of the mean in I and D1 segments over all time points. The MASCIS contusion model results in a very reproducible injury. Cell loss was localized to the site of injury (I) at 6 h but spread over time into an adjacent, distal segment (D1).
We pooled RNA from 1-3 animals to obtain the 10 g of total cellular RNA required for target preparation. Fig. 1 . Cell viability following contusion injury. Rats were injured using the MASCIS device by dropping a 10.0-g weight from a height of 25.0 mm onto exposed T9-10 spinal cord. At 6, 12, 24, and 48 h after contusion, animals were killed, their spinal cords were quickly removed to ice, and the cords were sectioned on dry ice into 5-mm segments, then weighed. The I segment encompassed the contusion site, and the D1 segment was immediately distal (caudal) to the I segment. Frozen tissues were homogenized in Trizol, and an aliquot was removed, diluted in water, and sonicated, then analyzed for total tissue K by atomic absorption spectroscopy. Tissue potassium concentration, [ 
Q-RT-PCR, quantitative reverse transcription-polymerase chain reaction.
Such pooling was necessary due to variability of RNA extraction and RNA loss in injured spinal cords. Microarray results were quite reproducible, however. All background and noise (the RawQ parameter from the Affymetrix GAS software) measurements were well within limits considered acceptable by Affymetrix. Average differences that were judged to be "present" in all replicates by GAS software were compared by linear regression. Correlation coefficients calculated between each pair of replicates were greater than 0.77 (r 2 value). Finally, we compared the mean of the average difference for selected genes over three replicates with gene expression levels measured by Q-RT-PCR. Table  2 shows a comparison of the two different measures. RNA measurements are expressed as fold changes with respect to RNA levels in uninjured tissues, and the variance is the standard error of the mean. Affymetrix results are marked with an asterisk (consistently different mRNA levels from uninjured controls) based on the criteria used for hierarchical clustering (see below). For each of the genes measured by Q-RT-PCR, the mRNA levels were shown to change in the same direction as the changes measured by microarray detection. All time points assayed by Q-RT-PCR were found to differ significantly from controls by Q-RT-PCR (as determined by Student's t-test at P Ͻ 0.05), except glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels, which were found to be unchanged in agreement with Affymetrix results. Previous studies have shown real-time PCR to exhibit similar results to arrays (38) with greater dynamic range (40, 51) , and our results agree well with this generalization.
Hierarchical clustering. We used several methods to cluster our profiling results. Grouping genes by their observed temporal profiles should cluster genes with similar patterns of regulation or similar responses to signaling mechanisms. For hierarchical clustering, fold-change results were filtered to a high stringency. First, each replicate time point (n ϭ 3) was compared with an uninjured control (n ϭ 3), since there was no a priori reason to pair any one experimental result with any one control. From these nine comparisons, we selected only genes with a GAS difference call (increased, decreased, or no change from control) that matched in at least eight of nine cases and calculated the mean fold-change value. In cases where GAS judged the control (denominator) average difference value to be below the threshold of significance, GAS calculated a minimum fold-change value using the threshold, and this value was used here. All other comparisons were marked with a fold-change value of 1, indicating no significant change. This dataset was log 2 -transformed, imported into Cluster 1.1.1 software (15), and then filtered for probes having at least one observation with a mean fold change of 4 (log 2 of 2). In the I segment, only 137 probes remained after this filtering. Data were then normalized and sorted by complete linkage clustering using the uncentered correlation similarity metric. The resulting dendrogram depicts the mRNAs that differ from control by at least a factor of four at one time point or more ( Fig. 2, left) . The identity of the genes and their associated fold changes are presented in Table 3 . The number of genes that changed expression levels at 6 h was greater than at 12 h. However, the number of genes that changed increased at 24 and 48 h.
In the I segment dendrogram, we found clusters of genes with similar biological function. One cluster con- Affymetrix results are expressed as fold change from uninjured control mRNA levels Ϯ SE; n ϭ 3. Measurements of RNA with Q-RT-PCR were obtained from a separate group of animals than the Affymetrix study. Reactions were run on an Applied Biosystems model 7900HT sequence detection system, using the SYBR Green protocol. A dilution series of control cDNA served as a standard curve, producing values for each time point that represent fold change of control. All results were within the standard curve range, and all PCR reactions exhibited single melting point peaks, indicating a single amplified product. * Results with greater than 80% (Ն8/9) consensus of either "Increased" or "Decreased" call by Affymetrix GAS algorithms. † Results of Q-RT-PCR that are significantly different from uninjured, control spinal cord by Student's t-test at P Ͻ 0.05.
tains genes that are increased at 6 h, and this group includes many inflammatory cytokines [interleukin-1␤ (IL-1␤), IL-6, macrophage inflammatory protein-1␣ (MIP-1␣), and MIP-2]. A second cluster near the top of the dendrogram represents mRNAs that diminished over the 48 h following injury. Many of these genes are associated with neuronal function (e.g., SNAP-25A, citron, synapsin II, tau, vesicular GABA transporter, sodium-dependent neurotransmitter transporter). We interpret the pattern and composition of this cluster as being consistent with selective and progressive loss of neurons.
Gene expression results for the D1 segment were clustered using identical methods (Fig. 2, right and Table 4 ). We hypothesized that the less injured distal segment should have fewer responding mRNAs and that response to injury may be delayed or diminished. Indeed, the D1 fold-change results showed many fewer changes and a delayed response to contusion. This stringent analysis revealed only eight mRNAs that declined, probably reflecting the relative lack of celltype-specific loss in D1 during the first 48 h after injury compared with I. Few mRNAs differed from control at the 6-h time point. However, many genes that have increased expression at 6 h in the I segment can be seen to increase in the D1 segment at 12 h.
Self-organizing maps. We used a second clustering method to distinguish temporal patterns. A self-organizing map plots mRNA levels over n time measurements from each gene as a single point in n-dimensional space. Randomly placed nodes are added and iteratively moved closer to clusters of microarray data by applying a distance formula and moving nodes toward adjacent data points. By minimizing the distance of the nodes to nearby data points, the nodes come to represent the centroid of a cluster of nearby data points. The number of centroids created for this process is determined by the user. After several trials, we settled on a 3 ϫ 3 matrix of centroids as our starting point, since this gave the best balance of fit to the data The fold-change data (compared with uninjured control spinal cord) was filtered to select only changes with highly reproducible "difference calls." The Affymetrix Gene Analysis Suite algorithm judges a fold change to be an increase or a decrease only if several thresholds are met. We chose to perform comparisons between all three replicates at each time point against all three control replicates, yielding nine comparisons, and then to average only those comparisons where at least 80% of the difference calls were unanimous (either increase or decrease).
Comparisons that failed this test were assigned a fold change of 1. Data were log2-transformed, normalized, and clustered as described in the text. Green represents a decreased fold change, and red represents increased fold change. Brighter colors represent greater fold changes. Black indicates no change, or inconsistent results. Columns represent time after injury compared with uninjured control spinal cord, and rows represent individual gene probes. Results from the I segment dendrogram are expanded in Table 3 ; D segment dendrogram results are expanded in Table 4 . Results for all genes probed may be found in the form of a searchable database at http://spine.rutgers.edu/microarray. Fig. 3 . This method proved to be useful for visualizing natural temporal patterns in our dataset. Two patterns paralleled those found by hierarchical clustering. First, cluster 0 consisted of mRNAs that were relatively more abundant at 6 h and diminished thereafter. This group included the major inflammatory cytokines IL-1␤, IL-6, MIP-1␣, and MIP-2. Several of these had previously been identified as peaking at ϳ6 h after injury (1, 21, 45) . Similarly, clusters 3 and 6 reflected the neuronal loss that we had observed by hierarchical clustering, but included more species of mRNA. Additional clusters exhibited characteristic temporal patterns, with some diminishing and some increasing (clusters 2, 5, and 8) over the 48-h period. Although there are many genes in these clusters that are likely important in SCI biology, we were unable to find groups of genes that paired so well with the hierarchical clustering data or that matched so well by function as the neuronal and inflammatory groups.
Anchor clustering. We used a third clustering method to identify genes with a temporal expression pattern that mirrors one or more injury processes. After choosing "anchor" genes we can identify other genes that show a similar temporal pattern and, therefore, may be involved in a similar biological process. Figure 4 shows four sample anchor clusters: those for phosphodiesterase 4 (PDE4), neurofilament, nestin, and glia-derived neurite promoting factor (GdNPF). Three of the genes (PDE4, neurofilament, and nestin) are known to be involved in CNS injury or repair, but they have not been studied directly in SCI. GdNPF was * Results with greater than 80% (Ն8/9) consensus of either "Increased" or "Decreased" call by Affymetrix GAS algorithms.
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PROFILING ACUTE SCI chosen as a novel target for study. In each case we show the five closest correlates for each anchor gene, using the Pearson product moment correlation coefficient as the metric. After experimenting with different measures of similarity, we chose a correlation method because of the ability to find meaningful biological relations as measured by previously reported relationships. We screened results with ANOVA, using the Duncan post-hoc test at the 95% confidence level, to identify genes that differed significantly from control. Functional group clustering. Finally, we examined genes representing specific biological pathways of interest. Figure 5A depicts patterns of selected stress responses in I and D1 segments. Figure 5A , top, shows four inflammatory cytokines or chemokines, the middle shows three stress-regulated transcription factors, and the bottom contains three likely responses to inflammatory or stress signaling. These results support our hypothesis that the inflammatory and stress responses are delayed in the D1 segment compared with the I. Cytokine mRNAs peaked at 6 h in the I segment but were delayed to 12 h in the D1. Similarly, c-fos, NFB p105, and NGFI-A all followed the same pattern. Selected stress and inflammatory transcriptional regulators, Hsp70, ICAM-1, and SOCS-3, follow the same general pattern, peaking at 6 h in I and 12 h in D1, but they exhibit a more prolonged increase, particularly in the I segment.
Since GAP-43 is highly associated with neurite outgrowth, we compared its profile with those of two neurofilament transcripts, used here as markers of postmitotic neurons (Fig. 5B) . In contrast to the general diminution of neuron-specific mRNA levels, GAP-43 increases slightly in the I segment and more robustly in the D1 segment. If GAP-43 expression is truly neuronal, then this may indicate that neurons distal to the injury are increasing neurite outgrowth during the acute phase of injury. More importantly, it suggests that neurons spared within the I segment are likely responding to injury by upregulating GAP-43. These predictions must be confirmed by in situ hybridization to localize gene expression and by functional assays to demonstrate growth.
DISCUSSION
To demonstrate the usefulness of microarrays for measuring changes in gene expression after SCI, several issues must be addressed. One concern is the variability inherent in biological systems, and particularly in injury models. We selected the MASCIS model of rat SCI because it causes spinal cord lesions that resemble human injury (35) and because of the reproducible nature of the model (e.g., see Fig. 1 ). The MASCIS protocol minimizes biological variability with its rigorous control of anesthesia, impact parameters, and postsurgical care. The MAS-CIS model also shows little variability in injury severity between males and females. Analysis of the over 6,000 animals injured under the strict criteria of the MASCIS model show no overall differences in lesion volume or functional deficits between the two sexes (Erkan K, Sun D, Hart RP, and Young W, unpublished results). However, the preliminary results of an ongoing study in our laboratory show a difference in the lesion volumes of female rats injured at various times during the estrus cycle. We are currently identifying cycle-dependent mRNA changes using microarrays. Because our groups were heterogeneous with respect to sex and the females were not screened for estrous stage, sex and estrous cycle differences may have contributed to overall variability. However, the variation in tissue potassium changes, reflecting cell damage, was very small; standard deviations were less than 5% of mean. This suggests that variations in biological response to the contusion comprised only a minor component of the overall error.
Microarray results were found to be quite reproducible. Although the preparation of biotinylated cRNA target was variable from reaction to reaction, it is the specific activity of the target that should determine the relative amount of signal hybridized to probe. The specific activity of the cRNA directly reflects the ratio of biotinylated to nonbiotinylated nucleotide in the in vitro transcription reaction. This ratio was constant in all preparations. Since the amount of probe should vastly exceed that of individual target molecules, any variation in quantity of target should produce minimal variation in hybridized signal when expressed as a ratio to the mean hybridization signal for the entire chip. Our results show tight correlation (r 2 Ͼ 0.77) between normalized expression values of replicate chips at each time point. In addition, there is close agreement between microarray and Q-RT-PCR results. In all cases tested, the direction of regulation predicted by Affymetrix results was confirmed by Q-RT-PCR. Variation between these methods in measuring regulation could be explained by a larger variability in some Affymetrix results or by inaccuracies in measuring lower concentrations of mRNA on microarrays (not shown). Others have found good agreement between Q-RT-PCR and microarrays when measuring higher concentrations of mRNA (38) . Overall, microarray results were found to be reproducible.
The most striking pattern in our results was the spreading wave of inflammatory activity and stress responses following contusive SCI. Figure 5A shows IL-1␤, IL-6, and MIP-1␣ increased at 6 h in the I segment and at 12 h in the D1 segment (Fig. 5A, top) . Intracellular signaling following cytokine receptor activation should increase c-fos, NFB, and NGFI-A mRNAs; these patterns are observed in our assays (Fig. 5A, middle) . ICAM-1 and SOCS-3, genes stimulated by inflammation, exhibited similar peaks with prolonged elevation in the I segment (Fig. 5A, bottom) . Likewise, we found rises of heat-shock protein (HSP) mRNA, which is known to respond to activation of the hsf transcription factor. Activation of hsf also represses transcription of IL-1␤ mRNA (7). These patterns can be clearly seen in our hierarchical clustering (Fig. 3) and self-organizing maps (cluster 0; Fig. 3 ). These observations depict a complex inflammatory cascade following contusion. Genes in this cascade can be targeted for anti-inflammatory therapies that may be more specific and efficacious for acute SCI than standard methylprednisolone treatment (5) .
Many of the mRNA changes at the impact site are consistent with neuronal loss. A recent histological study of SCI supports this neuron-specific loss (18) . Using a similar rat contusion model, the number of appropriately stained astrocytes, oligodendrocytes, and neurons in the ventral spinal cord were determined at various times and at various distances from Fig. 4 . Anchor clustering using genes of interest: phosphodiesterase 4 (A), neurofilament (B), glia-derived neurite promoting factor (GdNPF; C), and nestin (D). The temporal pattern of a gene of interest was used as a template for clustering under the assumption that genes which correlate highly are more likely than randomly matched ones to be regulated similarly or to share similar function. The Pearson product moment correlation coefficient was used to find the five genes whose temporal profile most closely resembles the anchor gene (listed at the top of each inset and marked with a black line). All profiles shown have at least one time point that differed from control by ANOVA and the Duncan post-hoc test at 95% confidence levels. The y-axes scales differ and are adjusted to facilitate identification of transcripts whose patterns overlap. the lesion center. The injury rapidly destroys ventral motor neurons (VMNs). By 4 h after injury, the 2.5-to 3.0-mm segment of cord around the epicenter lacked any intact VMNs. By contrast, only 20-25% of glial cells were lost, and the number of glial cells stayed constant at later time points. VMNs in the surrounding spinal cord continued to die over time, however. By 24 h, the length of cord devoid of VMNs increased to 4 mm. These observations strongly support the patterns of neuronal loss suggested by our microarray results.
We used the anchor gene clustering method to identify neuronal markers that exhibit a temporal pattern most like intermediate-weight neurofilament, a commonly-used neuron-specific marker (Fig. 4B) . Two other neurofilaments (heavy and light chain), SNAP-25B and synaptic vesicle protein 2A (two synaptic proteins), and a cAMP phosphodiesterase matched the temporal profile of intermediate-weight neurofilament. The close correlation with these other putative neuronal markers supports the hypothesis that contusion causes a selective loss of neurons, rather than changes in mRNA synthesis or degradation. Interestingly, GAP-43 expression, which is associated with growing neurons, increased in both I and D1 segments. This suggests early activation of regeneration-associated genes in the acute period of injury. However, some reports suggest that GAP-43 expression may be glial under some circumstances (48) . In situ hybridizations will be necessary to determine whether GAP-43 mRNA is expressed by neurons or glia.
Another gene that may influence early neurite outgrowth is PDE4, a phosphodiesterase (Fig. 4A) . Recent work has identified cAMP as a critical regulator of neuronal growth in the presence of inhibitory molecules such as myelin-associated glycoprotein. PDE4 breaks down cAMP in neurons, and inhibition of PDE4 strongly stimulates axonal growth by increasing cAMP levels (8, 9) . Our data show the injury markedly increases PDE4 expression by 6 h, and this expression closely correlates with another cAMP phosphodiesterase. Other genes associated with cAMP signaling also correlate with PDE4. These include activity and neurotransmitter-induced gene 6 (ania-6) and c-fos. Ania-6 and other members of the ania family are transcriptionally regulated by cAMP response element binding protein (CREB) (3). c-Fos expression has previously All profiles shown have at least one time point that differed from control by ANOVA and the Duncan post-hoc test at 95% confidence levels. B: GAP-43 mRNA differs from that of other neuronal transcripts. Two neurofilament mRNAs demonstrate declining levels characteristic of many neuron-specific mRNAs. In contrast, GAP-43 mRNA levels in both the impact and distal segments rise over the 48 h following injury. All profiles shown have at least two time points that differed from control by ANOVA using the Duncan post-hoc test at 95% confidence levels. been shown to peak soon after injury (14, 21) and responds to cAMP stimulation (6) . To our knowledge, there is no identified regulatory link between the phosphodiesterases and the other cAMP-related genes in this group. However, this cluster of genes may reflect a coordinated response to injury that involves an important pathway for regeneration.
Nestin is an intermediate filament found in stem cells (Fig. 4D) (13, 27) . Stem cells surround the central canal of the spinal cord and may contribute new replacement cells for spinal cord repair (25, 44) . Recent studies report many mRNAs expressed in stem cells (4, 17) . The Affymetrix rat neurobiology chip contains three putative stem cell markers: nestin, vimentin, and insulin-like growth factor binding protein-3 (IGF-BP3). IGF-BP3 was found in the subset judged to be absent by GAS and was, therefore, excluded from analysis. However, vimentin (4) has an expression profile similar to that of nestin; both increase steadily in the 48 h after injury. Of the many explanations for the close correlation of mRNA changes for these two genes, including random pairing, the most enticing is that the two mRNAs are present in the same cell type, perhaps stem cells that are replicating or have become activated. Li and Chopp (28) have found increased nestin protein levels in the brains of rats as early as 6 h after middle cerebral artery occlusion. They suggest that the pattern of nestin immunoreactivity in neurons, glia, and ependymal cells mimics that of development.
Finally, we chose a gene whose role has not been studied in SCI, GdNPF, to anchor temporal patterns in Fig. 4C . GdNPF is a serine protease inhibitor with neurite-promoting activity in chick sympathetic neurons (55) , rat hippocampal neurons (16) , and mouse neuroblastoma cells (43) . Although the expression level of this gene after peripheral nerve lesion is variable (37), the protein is expressed for over 1 yr in a rat model of transient cerebral ischemia (24) . Anchor cluster analysis revealed several interesting and unexpected genes. The mRNA that correlated best with GdNPF was COMT, the enzyme that catalyzes the degradation of catecholamines. COMT is of interest because of the role of norepinephrine in SCI. Rats that have been depleted of norepinephrine-producing cells showed less edema and better recovery from contusion injury than nondepleted animals (54) . Similarly, an ␣ 1 -adrenergic blocker reduces edema and increases blood flow in injured spinal cord (47) . Finally, interleukin-1␤ converting enzyme, also known as caspase 1, a pro-apoptotic signal (22) , was part of the GdNPF cluster. Thus this cluster represents several functions that have not been studied in SCI models, and our results suggest that their role should be considered. The finding of increased COMT, along with a wealth of pharmaceutical data on regulation of COMT activity, suggests new therapeutic targets.
These results demonstrate the usefulness of microarrays to measure changes in gene expression after SCI. Distinct patterns of mRNA changes were observed, and these could be correlated with well-understood biological phenomena, including an immediate stress and inflammatory response, and a selective loss of neurons at the site of impact. However, examining only 1,200 probes, all of known function, severely limited our analysis. To address this limitation, we have constructed a custom rat cDNA microarray containing 9,660 probes, with 41% unidentified expressed sequence tags (ESTs). Based on our analysis of the limited data from the Affymetrix microarray, we plan to assess the MASCIS contusion model with a larger set of genes, tissues, and time points after injury. Many of the most interesting mRNA changes may be occurring in the brain where nuclei of axotomized descending pathways reside. By expanding these analyses, we hope to identify novel regulatory pathways and to increase the number of therapeutic targets for reducing secondary tissue damage and promoting regeneration.
